We report an all-fiber mode division multiplexer formed with cascaded mode selective couplers with significantly broadened bandwidth potentially spanning S, C and L band. This was achieved by matching the effective refractive indices over a wide wavelength range for the few mode fiber and the single mode fiber used in the coupler. The multiplexer provides high coupling efficiency (>55% for the worst case) for the 4 spatial modes over the entire wavelength range of 1515-1590 nm. The allfiber construction provides mechanical stability. Experimental results for the coupling efficiency and the mode extinction ratio for each spatial mode are presented along with the far field radiation patterns. J. Liñares, "SDM transmission of real-time 10GbE traffic using commercial SFP + transceivers over 0.5km elliptical-core few-mode fiber," Opt.
Introduction
It has been widely discussed that the available transmission capacity from a single strand of optical fiber has reached its limit after the maximum use of time division multiplexing (TDM) and wavelength division multiplexing (WDM) approaches [1] . The only remaining physical dimension not fully utilized is considered to be the space dimension in a strand of optical fiber [2] . The two popular approaches to the space division multiplexing (SDM) that are intensively investigated are multi-core fiber (MCF) [3] [4] [5] and mode division multiplexing (MDM) [6] [7] [8] . The MCF approach uses optical fibers with multiple single-mode cores and the MDM approach uses few mode optical fiber (FMF) with a core that guides several spatial/polarization modes [9, 10] . These techniques can potentially increase the channel capacity by almost an order of magnitude and seem to be promising solutions for overcoming the limitation imposed by the nonlinear effect in WDM systems [2] . In fact, the use of multiple guided modes as independent information channels had been proposed decades ago for their applications to communications and sensing [10] [11] [12] . In order to fully utilize the higher order modes (HOM) in FMF, devices are required to control the modes guided in the fiber including excitation, separation and controlled coupling of individual guided modes in a single strand of FMF [12, 13] . In addition to some of the early works such as mode selective coupler [13] [14] [15] [16] [17] and long period grating [18, 19] , various techniques have been reported on the basis of holographic filter, phase plate, photonic lantern and integrated circuit [20] [21] [22] [23] [24] . We recently reported an all-fiber MDM based on cascaded mode selective couplers (MSC's) for a fiber that supports four spatial modes (LP 01 , LP 11 , LP 21 , and LP 02 ) [25] . The device showed more than 70% of coupling efficiency and 10dB extinction ratio at wavelength λ = 1550 nm, but had a limited operating wavelength range. This was due to the mismatch in the dispersion of the single-mode fiber (SMF) and FMF. The important advantages of the all-fiber MDM is the low insertion loss (theoretically approaching zero) if properly matching SMF-FMF pair is used, and also the fact that the MDM can be constructed on the same fiber used for transmission. In this paper we report significant improvement in the operating wavelength range of an all-fiber MDM using SMF-FMF pairs having matched effective refractive indices (n eff ) over a wide wavelength range. This is an essential feature required for practical WDM systems.
Higher order mode coupling using mode selective couplers
In [13] , W. V. Sorin et al. described the basic operating principle of a MSC. The coupler is side-polished type constructed by mating SMF and FMF. When the propagation constant, and therefore the n eff , of the guided mode in the SMF matches that of a mode in FMF, an efficient coupling takes place between the two modes by evanescent field coupling. Ideally no coupling occurs to other modes in the FMF due to phase mismatch. Almost lossless coupling with high modal isolation was demonstrated using this method for a wavelength used for the experiments [13, 25] . The key parameter in this device is the phase matching between the coupling modes that is not trivial to achieve especially when multiple modes need to be coupled separately using a given FMF. In our earlier work the n eff of each HOM were tuned by properly tapering the FMF for each MSC in the cascaded MDM structure [25] . As depicted in the inset of Fig. 1 , the FMF and the SMF were attached to quartz blocks and polished until only a few microns of cladding remains before mating the two blocks with index matching liquid in between. Light launched into the SMF input port couples to the FMF in the particular LP nm mode that has the matching n eff . Conversely if light is injected in the LP nm mode in the FMF, all the light should appear in the SMF assuming the phase matching condition is satisfied. In order to get a broadband operation, the n eff' 's should be the same over a wide spectral range. When we used the standard SMF, its n eff did not match with that of the FMF over the entire operating wavelength range and could not provide a broadband operation. Significant improvement is presented in this work as will be described in the next section. A different approach is based on fused tapered structure [14] [15] [16] [17] that provides much better environmental stability but is difficult to make, especially in a cascade structure. 
Fabrication of broadband mode selective couplers
The measurement of n eff for fiber modes is essential for the fabrication of MSC's. The measurement was carried out using prism coupling method as shown in Fig. 2 (a) [26] . Evanescent fields of the guided modes at the polished fiber region leak into the prism at different angles as a function of the n eff 's. By measuring the angle θ, one can determine the n eff of the mode as [26] 
where n p is the refractive index of the prism. Figure 2 (b) shows the measured intensity plot of the radiated light as a function of the height on the screen for the FMF modes at 1550 nm. From this data, we can calculate the accurate n eff value for each mode. The FMF used for the experiment has a normalized frequency V = 4.54 at 1550 nm and 10.2 μm core diameter. With a highly Ge-doped (1.2%) step index core, the n eff for the guided modes are well separated with the exception of LP 21 and LP 02 . The FMF guides four linearly polarized (LP) modes (LP 01 , LP 11 , LP 21 and LP 02 modes) and their n eff measured by the prism coupling method is plotted in Fig. 3(a) for the wavelength range between 1515 nm and 1590 nm. As can be seen in the Fig. 3 (a) the wavelength dependence of the n eff is almost linear but with different slopes for the different modes. As a reference, the difference in n eff at the two wavelengths of 1515 nm and 1590 nm for LP 01 , LP 11 , LP 21 and LP 02 mode are 1.1 × 10 −3 , 1.5 × 10 −3 , 1.7 × 10 −3 and 1.8 × 10 −3 , respectively. In an ideal case, three different SMFs that have matching n eff 's with those of the HOM of the FMF over a wide wavelength range should be used. In practice we used SMFs with high numerical aperture (NA) that have approximately matching wavelength dependence of n eff (dn eff /dλ) with that of the FMF and fine-tuned the n eff values by tapering to match with that of the HOMs in the FMF. As an example, Fig. 3(b) shows the wavelength dependence of n eff for LP 02 mode of the FMF (red square) compared with that of the resultant SMF mode (navy triangle) showing a good match. For comparison, the values for a standard communication SMF is shown where a big mismatch can be seen (green dot). This feature results in a big difference in the operation bandwidth of the MSC as described in the next section. The SMFs tested for the experiment had nominal NAs in the range of 0.2-0.3. The tapering was done by flame heating and pulling that reduces n eff [27] . Proper taper diameter was calculated by numerical simulations of the mode in the SMF. The SMF was tapered approximately to the target diameter where n eff of 1550 nm became identical with that of the desired HOM mode in the FMF. Optimum taper diameter was determined after experimental fine tuning. 
Mode coupling efficiency
Mode coupling between HOM in FMF and LP 01 mode in SMF is described by the coupled mode theory [28] :   (  )   2  2  2  2  2  2 sin .
Here P in and P out are input and coupled power, respectively, κ is a coupling constant, z is interaction length and δ β = Δ / 2 is the propagation constant (β) mismatch between the modes of FMF and SMF. According to Eq. (2), difference in n eff between target mode of the FMF and LP 01 mode in the SMF should be minimized for maximum power coupling. For instance, when z is set as 1.6 mm (which corresponds to our case) [29] and κz = π/2 at 1550 nm, δ should be less than 2.2 × 10 −4 to achieve more than 80% coupling. In this work, coupling efficiency (C e ) to target mode is defined by the ratio between output power in the target mode in FMF and input power of LP 01 mode in SMF. As an example, Fig. 4 shows the experimental results of C e into the LP 02 mode of the FMF from the LP 01 mode from Fig. 4(a) standard SMF and Fig. 4(b) n eff matched SMF. As expected, the bandwidth for mode selective coupling increased significantly by using n eff matched SMF. The maximum C e for the two cases exceeded 80%. The C e to the LP 02 mode in the device with n eff matched SMF at 1535 nm was 83%. The rest of input power went to unwanted LP 21 mode (8.2%), splicing loss (nominally 6-10%), and some did not couple and remained in the SMF (typically 1%). The measurements were made in the following process. The input power was measured at the laser source pigtail for the LP 02 MSC using a power meter. The total output power from the FMF was measured by using a power meter that may also contain signals in unwanted modes. Then a fiber loop was formed in the output FMF to induce bending loss. A separate measurement showed a loss of 20dB for the LP 02 mode for the loop diameter of 20 mm without significantly affecting other modes in the FMF. The LP 21 mode showed less than 0.1dB bending loss at the loop diameter of 20 mm and required 6 mm loop diameter to induce 17dB loss. The bending loss for the LP 01 and the LP 11 modes were negligible. The degradation of C e in L band in Fig. 4(b) is considered to be from the finite spectral bandwidth of evanescent field coupler as well as imperfect n eff matching [29] . 
Mode-division multiplexer
We constructed a four-mode MDM by cascading three MSC's as shown in Fig. 5 . In order to prevent the splicing loss and unwanted mode coupling at the splices, we used an unbroken strand of FMF for all the three MSC's. The input ports for the four modes are pigtailed with standard communication SMF to make them compatible with communications systems. In order to remove undesired optical signal in the LP 02 mode coupled at the LP 21 MSC, we inserted a mode stripper between the LP 21 and the LP 02 MSC that was formed by a fiber loop with 20 mm diameter. There was no need to include a mode stripper between the LP 11 and the LP 21 MSC's because we could not measure any coupling to the LP 21 or the LP 02 modes that is believed to be from a large separation of n eff between the LP 11 mode and higher order modes (>5.5 × 10 −3 ) as shown in Fig. 3(a) . The extinction ratio R E of MSC is also an important parameter and is defined by ( ) arg 10 log .
Here P target is the optical power coupled to the desired mode and the P other is the optical power coupled to unwanted modes. The measurement of the R E 's for the LP 01 and the LP 11 modes should be made during the fabrication process of the MSC's, since it becomes very complicated to measure them after the MDM is assembled. In order to determine the R E , light is launched to one input port and the optical power is measured at the output port before and after unwanted modes are stripped as described in the previous section. The mode stripping was performed by fiber bending or using index matching liquid on the coupler halves following each MSC being measured. For this purpose, the MSC's were assembled in the order of LP 11 , LP 21 and LP 02 modes. We confirmed that the assembly process of the LP 21 . It can be seen in Fig. 6 (a)-6(d) that the performance in the C e and R E for the LP 21 and the LP 02 modes are poorer compared to the LP 01 and the LP 11 mode cases. The reason for this is due to the small separation of the n eff between the LP 21 and the LP 02 modes as shown in Fig. 3 (a) that makes it difficult to separate based on phase matching within such a short coupling length (~1 mm) in the MSC. Therefore non-negligible amount of signal couples to the unwanted modes that degrades the C e and the R E simultaneously. Ideally the extinction ratio for the LP 21 mode should be 20dB after the mode stripper that did not agree with the experimental result. It is thought to be from an imperfect mode stripping at the fiber loop in the packaged device, and further investigation is under way. Table 1 summarizes C e to the desired and unwanted modes for the MDM tested at 1550 nm. Another point that should be mentioned is that the C e in the evanescent directional coupler structure has a finite wavelength bandwidth that would result in a variation of C e over wavelength. In order to improve further the performance of the all-fiber MDM, optimized fiber design for both the FMF and SMF is needed with clear separation of n eff for FMF with well-matched n eff for SMF. 
Conclusion
We demonstrated an all-fiber mode division multiplexer based on cascaded mode selective couplers with broad bandwidth. The coupling efficiency over the entire wavelength range between 1515 nm and 1590 nm ranged from > 87% for the LP 01 mode and, in the worst case, >55% for the LP 21 mode. The significantly improved performance was achieved by matching the n eff over the operation wavelength of few mode fiber and single mode fiber. This device could be useful for further development of high bandwidth mode division multiplexed communication systems.
